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Noonan syndrome (NS) is a common autosomal dominant disorder that presents with short
stature, craniofacial dysmorphism, and cardiac abnormalities. Activating mutations in the PTPN11
gene encoding for the Src homology 2 (SH2) domain-containing protein tyrosine phosphatase-2
(SHP2) causes approximately 50% of NS cases. In contrast, NS with multiple lentigines (NSML) is
caused by mutations that inactivate SHP2, but it exhibits some overlapping abnormalities with NS.
Protein zero-related (PZR) is a SHP2-binding protein that is hyper-tyrosyl phosphorylated in the
hearts of mice from NS and NSML, suggesting that PZR and the tyrosine kinase that catalyzes its
phosphorylation represent common targets for these diseases. We show that the tyrosine kinase
inhibitor, dasatinib, at doses orders of magnitude lower than that used for its anticancer activities
inhibited PZR tyrosyl phosphorylation in the hearts of NS mice. Low-dose dasatinib treatment of
NS mice markedly improved cardiomyocyte contractility and functionality. Remarkably, a low dose
of dasatinib reversed the expression levels of molecular markers of cardiomyopathy and reduced
cardiac fibrosis in NS and NSML mice. These results suggest that PZR/SHP2 signaling is a common
target of both NS and NSML and that low-dose dasatinib may represent a unifying therapy for the
treatment of PTPN11-related cardiomyopathies.

Introduction

Germline missense mutations in components of the Ras/MAPK pathway cause a group of autosomal
dominant syndromes referred to as RASopathies. Noonan syndrome (NS, OMIM 163950) and NS with
multiple lentigines (NSML, OMIM 151100) constitute two forms of RASopathies (1, 2). NS represents
approximately 1:2,000 live births (3), whereas the frequency of NSML is unknown. NS and NSML share
some common phenotypic features that include fasciocutaneous anomalies, developmental retardation,
and cardiac defects, such as pulmonary stenosis (PS) and hypertrophic cardiomyopathy (HCM), albeit
with different frequencies of occurrence. Germline mutations in the PTPNII gene that encodes for the
Src homology 2 (SH2) domain-containing protein tyrosine phosphatase-2 (SHP2) account for up to 50%
of NS and 90% of NSML cases (4, 5). PTPN1I mutations that cause NS most frequently present with PS
(~80%), with a smaller fraction of these patients presenting with HCM (~20%). In contrast, patients with
NSML feature HCM as their predominant congenital heart defect (CHD) (~80%). Although PS is the
classical myocardial manifestation of NS, nonhypertrophic restrictive and dilated cardiomyopathies have
been reported (6-10), progression from hypertrophic to congestive cardiomyopathy also occurs (10, 11),
and heart failure is an etiology of death in NS patients (12). Identifying core signaling components utilized
by both NS- and NSML-related disorders could offer new insight into the progression of these diseases
and potentially suggest novel therapeutic strategies to treat the more severe manifestations of NS. The
identification of therapeutic approaches that can target both NS- and NSML-related cardiomyopathies as
a unified therapy will provide a novel clinical utility, given the apparent challenge in diagnosis between NS
and NSML, particularly within the first year of life (13, 14).

SHP2 acts primarily as a positive regulator of cell signaling and in virtually all cases its catalytic activ-
ity is required for signal propagation (15). SHP2 is dynamically regulated between an “open” active and
a “closed” inactive conformation (16). Engagement of upstream phosphotyrosyl peptides with the NH,
terminus SH2 domains results in a conformational change that destabilizes the “closed” conformation and
promotes the “open” state, thereby activating the phosphatase (17). In addition to the SH2 domains serving
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to activate SHP2 (17), targeting of SHP2 to its upstream substrates through SH2 domain binding also is
critical for signal propagation (17-19). Accordingly, NS-associated SHP2 mutants that are crippled in their
ability to localize via their SH2 domains fail to manifest pathophysiological signaling (18). PTPN11-asso-
ciated SHP2 mutations exist in an “open” conformation (20, 21). Thus, both NS and NSML mutants are
endowed with enhanced binding capacity through their SH2 domains to upstream receptor and adaptor
proteins, which results in the acquisition of “gain-of-function” properties. Indeed, SHP2 has been shown
to function as an adaptor protein and signal independently of its phosphatase activity (22, 23). Therefore,
the “open” conformation of SHP2 incurred through either NS or NSML mutations could provide a core
mechanistic property that explains, at least in part, the overlapping clinical presentation of these diseases.

Albeit a much rarer occurrence, NS patients that do develop HCM and particularly those who do so
in infancy can suffer significant consequences, including early mortality. Adults with NS require long-term
cardiac follow-up, given that a third have cardiac disorders that require either drugs for heart failure or
arrhythmias, or have a defibrillator or pacemaker implanted (1). Given the clinical importance there has
been significant interest in developing pharmacological treatments for cardiomyopathies in NS and NSML
(24). It has been shown that inhibitors of the Akt/mTOR pathway can ameliorate HCM in the NSML
model (25, 26), whereas, genetic interference with, or pharmacologic inhibition of, MEK/ERK in a NS
mouse model suppresses the development of CHD (27-30). Uncovering targets and subsequently viable
pharmacological therapies that encompass the overlapping clinical spectra between NS and NSML should
fulfill a significant unmet clinical need.

We have previously reported that the transmembrane glycoprotein protein zero-related (PZR) is hyper-ty-
rosyl phosphorylated during embryogenesis in Piprnl°¢/* NS mutant mice and postdevelopmentally in the
hearts of NS and Ppnl¥7°¢* NSML mutant mice (31, 32). PZR is a transmembrane glycoprotein that is
abundant in the heart and binds directly to SHP2 through its immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) (33, 34). PZR is involved in cytoskeleton-mediated signaling to ERK1/2 (32) and, in some cases, cell
migration and adhesion (32, 35-37). Both SHP2-associated NS and NSML mutants induce increased SHP2
complex formation with PZR, resulting in aberrant SHP2 membrane proximity and downstream signaling
(31). The identification of a PZR/SHP2 complex as a common dysregulated signaling scaffold in the hearts
of both NS and NSML led to the implementation of a pharmacological approach to interfere with this com-
plex. Here, we found that dasatinib, an FDA-approved tyrosine kinase inhibitor used for the treatment of
chronic myeloid leukemia (CML), at a dramatically lower dose than that used for the treatment of CML,
prevented PZR hyper-tyrosyl phosphorylation and selectively improved NS-associated cardiac dysfunction.
Specifically, impaired Ca?*-mediated sarcomeric contraction coupling was improved in the cardiomyocytes
from low-dose dasatinib administered NS mice, providing a direct explanation for the improved cardiac func-
tionality. Our data further show that parameters of cardiomyopathy and fibrosis in both NS and NSML are
reversed by low-dose dasatinib treatment. These data raise the possibility that low-dose dasatinib may serve as
a novel therapeutic strategy for PTPN11-related cardiomyopathies.

Results
PZR tyrosyl phosphorylation in NS mice. A heterozygous knockin mouse for the Ppnll D61G allele has been
shown to display major phenotypic features associated with NS, such as growth retardation, craniofacial
dysmorphism, cardiac defects, and cognitive disability (38, 39). The D61G allele is a potent catalytically
active Ptpnll variant (40), and mice harboring this allele exhibit approximately 50% embryonic lethality on
a 129S4/SvJae x C57BL/6J mixed background (38). It is likely that the penetrance of the D61G allele is
influenced by genetic background as a result of existing modifier alleles (38). In an attempt to circumvent this
lethality, and thus provide a more viable model to study the D61G allele postdevelopmentally, we crossed
Prpnl 1796+ male mice (B6129SF2/Tac background) with WT B6129SF1/Tac female mice (the first filial
generation from C57BL/6NTac x 129S6/SvEvTac). We found that on this genetic background heterozygotic
lethality conferred by the Ptpni1P%¢’* allele was completely abrogated, as evidenced by an equivalent number
of viable 3-week-old WT and Ppnl1P¢’* progeny (Supplemental Table 1; supplemental material available
online with this article; doi:10.1172/jci.insight.90220DS1). We confirmed that the improvement in viability
of these Pipnl1P%’* mice was not due to alterations in the expression of SHP2 (Figure 1A). These particular
mice will be referred to as NS mice herein.

The transmembrane glycoprotein PZR is a direct SHP2-binding partner that mediates cell adhesion,
migration, and conversion/extension movements in zebrafish (31-33, 41). The SH2 domains of SHP2
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Figure 1. NS-induced PZR phosphorylation and the effects of dasatinib. (A) Heart lysates from WT and NS mice (D61G/+) were immunoblotted with
anti-p-PZR (Y263), PZR, p-ERK1/2, ERK1/2, and SHP2 antibodies. (B) The quantitated ratios of p-PZR (Y263) to PZR and pERK1/2 to p-ERK1/2 from A
normalized to the 3-week-old WT group (n = 4 per group). (C) Mouse embryonic fibroblasts from WT and NS mice were incubated with vehicle or dasat-
inib at the indicated concentrations for 18 hours. Whole-cell lysates were immunoblotted with anti-p-PZR (Y241), p-PZR (Y263), PZR, p-Src (Y416), Src,
p-ERK1/2, ERK1/2, and SHP2 antibodies. (D) The quantitated ratios of p-PZR (Y241) to PZR, p-PZR (Y263) to PZR, p-Src (Y416) to c-Src, and p-ERK1/2
to ERK1/2 from 3 independent experiments normalized to vehicle-treated WT cells. (E) PZR and SHP2 complexes were detected by immunoprecip-
itation (IP) with anti-SHP2 antibodies followed by immunoblotting with anti-PZR and anti-phosphotyrosine antibodies. Immune complexes were
immunoblotted with anti-SHP2 antibodies as control. Data represent mean + SEM and were analyzed by either 2-way (B) or 1-way ANOVA and Tukey's
multiple comparison test (D). *P < 0.05; **P < 0.01; ***P < 0.001.
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interact directly with the tyrosyl-phosphorylated ITIMs of PZR, resulting in SHP2 activation and initiation
of adhesion signaling to ERK1/2 (32). Previously, we demonstrated using a nonbiased differential phos-
photyrosyl proteomic screen that PZR is the most hyper-tyrosyl-phosphorylated protein in the hearts of
Prpnl1P9¢+ mice (31). We further showed that the expression of NS- and NSML-associated SHP2 mutants
is sufficient to enhance PZR tyrosyl phosphorylation and SHP2 binding (31). These data suggest that the
tyrosine kinase(s) that mediates PZR tyrosyl phosphorylation and subsequently SHP2 binding to PZR
may serve as an important driver to promote cardiac dysfunction in both NS and NSML. To test whether
hyper-tyrosyl phosphorylation of PZR was involved in the pathogenesis of NS, we sought to pharmacolog-
ically disrupt PZR/SHP2 binding by inhibiting the PZR tyrosine kinase. As observed previously (31), PZR
was hyper-tyrosyl phosphorylated on its ITIM at pY263 in the hearts of these NS mice at 3 weeks of age
concomitant with elevated ERK1/2 levels as compared with WT mice (Figure 1, A and B). In 8-week-old
mice, PZR remained hyper-tyrosyl phosphorylated, whereas ERK1/2 activity declined, suggesting that
PZR tyrosyl phosphorylation correlates with the early activation of ERK1/2 (Figure 1, A and B).

Dasatinib inhibits PZR hyper-tyrosyl phosphorylation in NS mice. In order to probe the relevance of PZR
tyrosyl phosphorylation and, hence, PZR/SHP?2 signaling, we sought to inhibit PZR tyrosyl phosphoryla-
tion in NS mice. We hypothesized that if PZR tyrosyl phosphorylation and/or the tyrosine kinase responsi-
ble for its phosphorylation was important for NS-mediated cardiac anomalies, then impairing PZR tyrosyl
phosphorylation should ameliorate the pathophysiological effects of the NS mutant. We tested dasatinib,
an FDA-approved chemotherapeutic drug used for the treatment of CML that has broad tyrosine kinase
inhibitory activity (42), for its effect on PZR tyrosyl phosphorylation. Treatment of NS-derived mouse
embryo fibroblasts with dasatinib inhibited PZR hyper-tyrosyl phosphorylation at ITIMs representing
pY241 and pY263 in addition to ERK1/2 and c-Src phosphorylation in a dose-dependent manner (Figure
1, C and D). Inhibition of PZR tyrosyl phosphorylation by dasatinib also resulted in disruption of PZR/
SHP2 binding (Figure 1E). These data demonstrate that dasatinib is capable of reducing NS-associated
SHP2 mutant PZR hyper-tyrosyl phosphorylation and enhanced PZR/SHP2 complex formation.

Next, we tested the effects of dasatinib to inhibit PZR tyrosyl phosphorylation in NS mice (Figure 2A).
In 3-week-old NS mice, administration of dasatinib for 24 hours inhibited PZR tyrosyl phosphorylation in a
dose-dependent manner (Figure 2, B and C). Remarkably, we found that PZR tyrosyl phosphorylation was
significantly inhibited at doses as low as 0.1 mg/kg, representing an approximate 200-fold lower dose than that
used clinically for the treatment of CML (42). Next, we tested chronic low-dose dasatinib administration (Figure
2D). These experiments showed that daily injections of dasatinib (0.1 mg/kg) for 10 days reduced the levels of
PZR tyrosyl phosphorylation and c-Src and ERK1/2 phosphorylation as compared with vehicle-treated NS
mice (Figure 2, E and F). These data demonstrate that dasatinib can target the PZR/SHP2 pathway in the hearts
of NS mice at substantially lower doses than that used for chemotherapeutic intervention.

Cardiomyopathy and cardiac dysfunction in NS mice. Postdevelopmental assessment of NS mice revealed
that the heart-weight-to-body-weight ratio was significantly increased in 3-week-old NS mice as compared
with WT mice (Figure 3A). Echocardiographic analysis showed a significant increase in left ventricular
posterior wall thickness (LVPW) and a decrease in the left ventricular inner dimension (LVID) in NS mice
as compared with WT mice (Figure 3B and Supplemental Table 2). A significant increase in the left ven-
tricular mass was also observed in NS mice as compared with WT mice (Supplemental Table 2). However,
there were no differences in either the ejection fraction (EF) or fractional shortening (FS) (Figure 3B).
These results indicate that at 3 weeks of age these NS mice present with HCM without impairment of
cardiac functionality. By 8 weeks of age, NS mice maintained a significant increase in their heart-weight-
to-body-weight ratio (Figure 3C and Supplemental Table 2). Moreover, echocardiographic analysis showed
that these NS mice had reduced LVPW and an enlarged LVID in systole (Figure 3D). By 8 weeks of age,
NS mice developed systolic dysfunction, as indicated by a significant reduction in both EF and FS (Figure
3D and Supplemental Table 2). These results demonstrate that HCM occurs in NS mice postdevelopmen-
tally, with evidence of deteriorating cardiac function similar to that of some NS patients (6, 11, 43, 44).

Low-dose dasatinib treatment selectively rescues cardiac dysfunction in NS mice. To investigate the ability of
low-dose dasatinib to interfere with the pathophysiological progression of NS-associated cardiac dysfunc-
tion, we first administered dasatinib to pregnant female mice carrying NS offspring (Supplemental Figure
1A). Dasatinib was administered at 0.1, 0.5, or 1.0 mg/kg daily i.p. to WT pregnant mice intercrossed with
NS mice, beginning at embryonic day 7 until P9 (in nursing females). Although dasatinib treatment at 0.5
and 1.0 mg/kg/d showed embryonic lethality, at 0.1 mg/kg/d the expected Mendelian ratio was obtained
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Figure 3. Cardiomyopathy and cardiac
dysfunction in NS mice. (A) Body
weight (B.W.), heart weight (H.W.), and
the ratio of H.W. to B.W. were measured
from WT and NS mice (D61G/+) at 3
weeks (n = 9 per genotype). (B) WT

and NS mouse hearts were analyzed by
echocardiography at 3 weeks. Represen-
tative echocardiograms of 3-week-old
mouse hearts. Left ventricular posterior
wall thickness (LVPW), left ventricular
inner dimensions (LVID) in diastole and
systole, and ejection fraction (%EF)

of 3-week-old mouse hearts were
measured (n = 9 per genotype). (C) B.W.,
H.W., and the ratio of H.W. to B.W. were
measured from WT and NS mice at

8 weeks (n = 9 per genotype). (D) WT
and NS mouse hearts were analyzed by
echocardiography at 8 weeks. Represen-
tative echocardiograms of 8-week-old
mouse hearts. LVPW, LVID in diastole
and systole, and %EF of 3-week-old
mouse hearts were measured (n =9

per genotype). Data represent mean +
SEM and were analyzed with unpaired
Student’s t test. *P < 0.05; **P < 0.07,
***P < 0.001.

(Supplemental Table 3). After P10,
dasatinib injections were resumed
directly in individual pups daily until
6 weeks (P42) after birth (Supple-
mental Figure 1A) WT mice treat-
ed with either vehicle or dasatinib
showed similar body weight, as did
NS mice (Supplemental Figure 1B).
Cardiac function of NS mice at 6
weeks of age showed that the EF and
FS in vehicle-treated NS mice were
significantly reduced as compared
with vehicle-treated WT mice (Sup-
plemental Table 4). Notably, dasati-
nib-treated NS mice at P42 exhibited
values of EF and FS that returned to
levels comparable to those of both
treated and untreated WT mice (Sup-
plemental Table 4). These data indi-
cate that dasatinib treatment in utero
can rescue the impaired cardiac func-
tion observed in NS mice.

Although dasatinib when admin-
istered in utero yielded negligible

signs of lethality (Supplemental Table 3), a more compelling test of dasatinib’s effectiveness would be to
determine its effect on cardiac function when administered postdevelopmentally in NS mice. Therefore, we
determined whether dasatinib improved cardiac dysfunction postdevelopmentally (Figure 4A). NS mice
on this background were found to exhibit reduced growth, facial dysmorphism, and splenomegaly similar
to that reported previously (38) (Supplemental Figure 2—4). Postnatal dasatinib (0.1 mg/kg) treatment did
not improve any of these NS-related pathologies (Supplemental Figure 2-4). Moreover, no evidence of

doi:10.1172/jci.insight.90220
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liver damage was detected in either WT or NS mice treated with dasatinib (Supplemental Figure 5). These
results indicate that low-dose dasatinib treatment in NS mice does not result in overt toxicity and at this
dose is ineffective in curtailing NS-related defects in growth, musculoskeletal development, and hemato-
poietic functions. However, we found that, whereas untreated NS mice had significantly reduced EF and
FS levels as compared with WT untreated mice, dasatinib-treated NS mice showed comparable levels of
EF as compared with WT untreated and dasatinib-treated mice (Figure 4B). Similar corrective responses
in cardiac function to dasatinib in NS mice were confirmed when FS was assessed (Supplemental Table 5).
Dasatinib treatment did not significantly interfere with heart rate, as there were no significant differences
between WT and NS mice (Supplemental Table 5). Therefore, postnatal low-dose dasatinib treatment of
NS mice can effectively ameliorate the progression toward cardiac dysfunction in these NS mice.

Next, we asked whether the effects of dasatinib on cardiac function in NS mice were sustained.
We reassessed cardiac function in NS mice 2 weeks after cessation of dasatinib treatment (Figure 4A).
As shown, NS mice at 8 weeks of age exhibited characteristics of cardiomyopathy, as evidenced by
increased heart weight to body weight and heart weight to tibia length (Supplemental Figure 6). Signif-
icant increases in LVID and a decrease in LVPW in systole corroborated the notion that these NS mice
develop systolic dysfunction (Supplemental Table 6). Remarkably, a combination of echocardiography
and invasive hemodynamic analyses revealed that NS mice that had been removed from dasatinib treat-
ment for 2 weeks showed EF and FS levels that were comparable to both WT untreated and dasati-
nib-treated WT mice (Figure 4C and Supplemental Table 6). These changes were consistent with invasive
hemodynamic measurements that showed left ventricular pressure and cardiac contractility (dP/dt, )
were normalized in the NS group in which dasatinib was administered for 6 weeks and then discontinued
for 2 weeks (Figure 4D and Supplemental Table 7). Taken together, these data demonstrate that these NS
mice exhibit features of cardiac dysfunction that are restored by postnatal low-dose dasatinib treatment.

doi:10.1172/jci.insight.90220 7
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Figure 5. Dasatinib reverses
impaired Ca*-contraction cou-
pling in NS cardiomyocytes. (A)
Alexa488-conjugated wheat germ
0.51 Kk . ° agglutinin (WGA) stain of left ven-
R * O D61G/+ tricles from postnatal vehicle- and
0.41 o dasatinib-treated WT and NS mice
0.3 1@ (D61G/+) at P56 (scale bar: 50 pm).
p Y o The cross-sectional areas of each
g % mouse group are summarized (n =
0.14 oy s 377 for vehicle-treated WT; n = 294
; : for vehicle-treated NS; n = 280 for
dasatinib-treated WT; n = 345 for
dasatinib-treated NS). (B) Cardiomy-
ocytes were isolated from postnatal
vehicle- or dasatinib-treated WT and
NS mice (D61G/+). Cardiomyocytes
were tested for Ca?* excitation and
sarcomere-contraction coupling
B . . owWT under a real—.time imaging sys.tem.
* O D61G/+ Representative traces of cardio-
B myocyte dynamics for intracellular
Ca? transients (top traces) and their
corresponding sarcomere length
shortening traces (bottom traces).
Relative high magnitude of intracel-
lular Ca* (Rmag Ca%) and fractional
sarcomeric shortening are summa-
rized (n = 131 for vehicle-treated WT
cells; n =128 for vehicle-treated NS
154 dudad hdad cells; n =111 for dasatinib-treated
WT cells; n =162 for dasatinib-treat-
¥ ed NS cells). (C) Heart tissue was
isolated from postnatal vehicle- or

% %— dasatinib-treated WT and NS mice,
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(] 0 L 0 mine whether the effects of

Vehicle Dasatinib Vehicle Dasatinib Vehicle Dasatinib postdevelopmental NS cardi-

ac dysfunction were a result of

defects in the myocardium, we
performed morphometric analysis of the cardiomyocytes by staining heart tissue sections with fluores-
cent-conjugated wheat germ agglutinin (Figure 5A). These results demonstrate that the cross-sectional
areas of cardiomyocytes in the vehicle-treated NS mice were significantly increased as compared with
vehicle-treated WT myocardium. Importantly, dasatinib treatment rescued the increased cardiomyo-
cyte size in NS mice (Figure 5A).
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We measured calcium-mediated (Ca?*-mediated) force dynamics in isolated cardiomyocytes from vehi-
cle- and dasatinib-treated WT and NS mice. Isolated cardiomyocytes were characterized simultaneously
for Ca?" handling and contraction kinetics under electrical pacing. Cardiomyocytes from vehicle-treated
NS mice showed a relative 55% higher magnitude of intracellular Ca?* release R, Ca?) and delayed
Ca?" uptake compared with vehicle-treated WT cardiomyocytes (Figure 5B and Supplemental Table 8),
consistent with our previous reports from NS-SHP2-overexpressing cardiomyocytes (45). Intriguingly,
despite notable defects in calcium handling, there was a 22% reduction in sarcomere length shortening in
vehicle-treated NS cardiomyocytes compared with cardiomyocytes from vehicle-treated WT mice (Figure
5A and Supplemental Table 8). These differences were rescued in cardiomyocytes isolated from dasati-
nib-treated NS mice (Figure 5B and Supplemental Table 8).

We further investigated a molecular mechanism of impaired calcium-contraction coupling. In the myocar-
dium, sarco(endo)plasmic reticulum Ca*-ATPase 2 (SERCA2A) is the predominant isoform responsible for
Ca’" reuptake into the sarcoplasmic reticulum between contraction events. When lysates derived from the left
ventricle of vehicle-treated NS mouse hearts were immunoblotted for the expression of SERCA2A, we found
a significantly decreased level of SERCA2A protein expression (Figure 5C). Consistent with the restoration of
cardiac function in dasatinib-treated NS mice, cardiac tissue isolated from dasatinib-treated NS mice showed
completely normalized levels of SERCA2A expression (Figure 5C). The contractile regulatory proteins troponin
I (Tnl) and troponin T (TnT) are often elevated in the myocardium of failing hearts. Both of these proteins were
elevated in the hearts of vehicle-treated NS mice. Dasatinib treatment reversed these changes, restoring Tnl and
TnT levels to those of vehicle-treated WT mice (Figure 5C). These findings demonstrate that postdevelopmental
treatment with dasatinib in a NS mouse model alleviates the contractile dysfunction of the myocardium.

Effects of low-dose dasatinib in Ptpnl I-associated NS and NSML mice on cardiomyopathy. We hypothesize that
PZR/SHP?2 signaling represents a common mechanism underlying the pathogenesis of NS- and NSML-relat-
ed cardiomyopathies (31). The reexpression of the fetal gene My#7 (myosin heavy chain ), concomitant with
a reduction in Myh6 (myosin heavy chain o), is a hallmark of cardiac remodeling (46, 47). Thus, we deter-
mined the expression of Myh7 and Myh6 genes in the hearts of NS and NSML mice. We found that Myh6
expression was significantly downregulated in vehicle-treated NS mice as compared with WT mice and dasat-
inib treatment resulted in an equivalent level of Myh6 expression in WT and NS mice (Figure 6A). In contrast,
Myh7 was prominently reexpressed in vehicle-treated NS mice, and Myh7 expression was normalized to vehi-
cle WT levels following dasatinib treatment (Figure 6A). The Myh7/Myh6 ratio confirmed that a significant
shift in the expression of these cardiac myosin heavy chains occurred, indicative of cardiomyopathy in NS
mice that was rescued upon dasatinib treatment (Figure 6A). The effectiveness of dasatinib to ameliorate the
molecular hallmarks of cardiac dysfunction in NS mice was bolstered by the assessment of atrial natriuretic
peptide (Anp) expression, which is a clinical marker of heart failure (48). Anp mRNA expression was signifi-
cantly upregulated in NS mice as compared with vehicle-treated WT controls, whereas dasatinib-treated NS
mice were completely rescued from the elevated mRNA expression levels of Anp (Figure 6B). To determine
whether low-dose dasatinib (0.1 mg/kg/d) is effective in a NSML model of cardiomyopathy, we examined
the cardiac fetal gene expression from mice that express a knockin of the Ptpnl1¥7“* mutation (25). NSML
mice showed significant transition from Myh6 to Myh7, and dasatinib returned these values to WT levels
(Figure 6C). Moreover, Anp mRNA expression in NSML mouse hearts was also significantly normalized by
dasatinib treatment (Figure 6D). Collectively, these results support the conclusion that low-dose dasatinib acts
to effectively rescue both NS- and NSML-mediated effects in the myocardium.

Low-dose dasatinib ameliorates cardiac fibrosis in NS and NSML mice. Histological examination of cardiac
tissue revealed disorganized myofibrillar structures in the left ventricle wall of vehicle-treated NS mice
(Figure 7A). In contrast, dasatinib-treated NS mice showed a profound reversal of this cardiac phenotype,
in that myofibers were restored to the histological architecture similar to that of vehicle-treated WT mice
(Figure 7A). Another hallmark of the cardiac dysfunction is the acquisition of cardiac fibrosis (49). Consis-
tent with the notion that dasatinib treatment conferred protection against cardiomyopathic abnormalities
in the NS heart, we found that interstitial cardiac fibrosis and the expression of Colla2 and Col3al genes
in dasatinib-treated NS mouse hearts was markedly reduced as compared with vehicle-treated WT mice
at the histological level (Figure 7, A and B). Strikingly, similar observations were made when hearts from
NSML animals were assessed histologically for fibrosis and for the expression of Col/la2 and Col3al (Figure
7, C and D). These data demonstrate that a low dose of dasatinib provides selective efficacy for preventing
cardiac fibrosis in both NS and NSML mice.

doi:10.1172/jci.insight.90220 9
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Figure 6. Low-dose dasatinib normalizes cardiac fetal gene expression in Ptpn11-associated NS and NSML mice. Total heart RNA was isolated from
8-week-old vehicle- or dasatinib-treated WT and NS (D61G/+) mice (A and B) or WT and NSML (Y279C/+) mice (C and D). Myh7, Myh6, and the ratio of
Myh7 to Myh6 (A and C) and Anp (B and D) were measured by quantitative RT-PCR and normalized to the vehicle-treated WT group (n = 6 per group). Data
represent mean + SEM and were analyzed by 2-way ANOVA and Tukey’s multiple comparison test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion

Mouse models that represent mutations in the NS Prpnll allele have been shown to exhibit a range of
viabilities that depend upon genetic background akin to the range of phenotypic variabilities seen among
NS families (50). The variable penetrance of the PtpnlP%%/* allele has been proposed to be an indication
that modifier alleles influence phenotypic outcome (51). We found that introducing the previously report-
ed Prpnll D61G allele into the B6129SF1/Tac background eliminated the previously reported lethality
of this allele (38). We characterized the postdevelopmental cardiac phenotypes of this Ptpnii-associated
NS mouse model and found that these mice initially presented with HCM, as defined by a significantly
increased heart-weight-to-body-weight ratios, increased left ventricular wall thickness, increased ventricular
mass, and reduced LVID at the age of 3 weeks that progressed to cardiac dysfunction by the age of 6 and
8 weeks. Given that NS patients with a PTPNI] mutation present with HCM less frequently than they
do with PS and that in previous reports, the Pipnl1P%%’* allele in a different mouse background did not
exhibit HCM (38), we suggest that the NS mouse model described here represents a distinct strain-specific
phenotype. Indeed, it is well appreciated that genetic background can influence physiological and patho-
physiological cardiovascular responses (52, 53). Thus, there likely exist modifier alleles that influence the
penetrance of HCM that in other backgrounds appear to be either repressed and/or activated. The identity
of such alleles remain unknown.

PZR has been shown to drive adhesion-dependent signaling pathways involved in cell migration and cell
adhesion (36, 37). PZR is the most hyper-tyrosyl-phosphorylated protein in the hearts of NS mice, and it is also
hyper-tyrosyl phosphorylated in the hearts of NSML mice (31). The ability of NS-associated mutants to propa-
gate downstream signaling is dependent upon the engagement of its SH2 domains with upstream targets. PZR,
when aberrantly tyrosyl phosphorylated to the extent reported in NS mice (31), likely represents a site in which
aberrant SHP2 signaling is initiated. Therefore, by interfering with PZR tyrosyl phosphorylation, PZR/SHP2
binding, and/or the putative tyrosine kinase responsible for PZR phosphorylation, we speculated that NS- and
NSML-associated cardiovascular outcomes might be curtailed. We used dasatinib (marketed as Sprycel), an
FDA-approved chemotherapeutic drug (42) that is a tyrosine kinase inhibitor of broad specificity, as a proof-
of-concept strategy to test this hypothesis. In cultured fibroblasts derived from NS mice, dasatinib effectively
inhibited PZR tyrosyl phosphorylation and SHP2 binding. PZR contains two major ITIMs that have been
shown to serve as substrates for the Src family kinases, such as c-Src, c-Fyn, and c-Lyn as well as Csk and c-Abl
(54). Although we found that dasatinib inhibited c-Src phosphorylation, these experiments do not identify
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Figure 7. Low-dose dasatinib
prevents cardiac fibrosis in
Ptpn11-associated NS and NSML
mice. (A) Masson's trichrome

and Picrosirius red stains of left
ventricles from postnatal vehicle-
and dasatinib-treated WT and NS
mice (D61G/+) at P56 (scale bar:

50 um). (B) Total heart RNA was
isolated from postnatal vehicle- and
dasatinib-treated WT and NS mice.
Col1a2 and Col3al were measured by
quantitative RT-PCR and normalized
to the vehicle-treated WT group (n =
6 per group). (€) Masson's trichrome
and Picrosirius red stains of left
ventricles from postnatal vehicle- or
dasatinib-treated WT and NSML
mice (Y279C/+) at P56 (scale bar: 50
um). (D) Total heart RNA was isolat-
ed from postnatal vehicle- and da-
satinib-treated WT and NSML mice.
Col1a2 and Col3a7 were measured by
quantitative RT-PCR and normalized
to the vehicle-treated WT group (n
= 6 per group). Data represent mean
+ SEM and were analyzed by 2-way
ANOVA and Tukey's multiple com-
parison test. *P < 0.05; **P < 0.01;
***P < 0.001.

c-Src or any other tyrosine kinase
as the relevant dasatinib-sensitive
PZR tyrosine kinase. Importantly,
we were able to demonstrate that
dasatinib when administered to
NS mice significantly inhibited
PZR hyper-tyrosyl phosphory-
lation and c-Src and ERK1/2
phosphorylation in the heart at
an approximately 200-fold lower
dose than that used for the treat-
ment of CML (42). Dasatinib, at
the prescribed dose for the treat-
ment of CML and also acute
lymphoblastic ~ leukemia, has
been reported to have cardiotoxic
effects (42). At higher concentra-
tions in utero, we did note more
generalized toxicity and lethality.
However, at 0.1 mg/kg/d doses,
the effects of dasatinib were well
tolerated to the extent that other
NS-related presentations, such as
growth retardation, facial dysmor-
phism, and splenomegaly, were
unaffected. Thus, the effects of
dasatinib at this low dose appear
to be selective to the heart.
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Assessment of echocardiography parameters in NS mice administered low-dose dasatinib either during
development or postnatally showed a marked improvement in heart function, as assessed by increases in
EF and FS as compared with vehicle-treated NS mice. Postnatal low-dose dasatinib treatment of NS mice
also ameliorated the progression of cardiac fibrosis. Low-dose dasatinib treatment either in utero or post-
natally reversed the presentation of cardiac dysfunction, suggesting that the activity of a tyrosine kinase
that mediates PZR and/or other targets plays a critical role in NS cardiac disease progression. The precise
identity of this tyrosine kinase(s) remains to be determined.

Previous reports have indicated that NS-associated SHP2 mutants can enhance Ca?* signaling in
cardiomyocytes (45). Here, we showed that calcium-mediated contractile properties are impaired in
NS cardiomyocytes. Given that Ca?*-mediated contractile properties are fundamental to the function
of the force-generating properties of the myocyte, our observations that cardiomyocytes from NS mice
exhibit dysfunctional Ca?* handling and force generation strongly support the supposition that these
mice present features of cardiac dysfunction, at minimum due to defects in cardiomyocyte contractility
and/or secondary consequences of left ventricular remodeling. Postnatal low-dose dasatinib treatment
restored Ca?*-mediated contraction. Of note, NS mice showed enhanced intracellular Ca®* accumulation
yet impaired sarcomere shortening as compared with WT cardiomyocytes. These results suggest the NS
mutant uncouples the ability of increased Ca?* to drive sarcomeric force, implying that some level of
desensitization to one or more Ca**-responsive targets may occur. At this juncture, we cannot ascribe a
precise pathway delineating how PTPNI mutations cause a loss of Ca?*-mediated contraction coupling.
However, it has been reported that NS and NSML mutants can affect Ca?* transients in the myocardi-
um (45, 55). We were able to demonstrate that SERCA2A was reduced in its level of expression in NS
mice, and this too was restored to WT levels in postnatal low-dose dasatinib-treated NS mice. Although
these data suggest that the site action of dasatinib occurs within the myocardium consistent with other
reports (56), we cannot exclude the contribution of other cell types, such as endocardial cells, which
have been shown to be the site of action responsible for the manifestation of the NS phenotype in mice
(51). Regardless, our data support the involvement of the myocardium as responsible for the improved
contractile properties following dasatinib administration.

We show that the molecular parameters of cardiac fetal gene expression that represent characteristics
of HCM were rescued upon treatment with low doses of dasatinib in both NS and NSML mice. The
expression levels of Anp were also restored to WT vehicle-treated levels. Collectively, these data argue
for the correction of the HCM phenotype molecularly by dasatinib. Given that NS and NSML represent
opposing activities at the level of SHP2 catalysis, our results imply a mechanism whereby interference with
PZR tyrosyl phosphorylation and/or dasatinib-sensitive tyrosine kinase activity is sufficient to correct the
molecular parameters of HCM. Previous reports have been conducted using inhibitors that target the Ras/
MAPK pathway in order to ameliorate NS- and NSML-mediated HCM. For example, a MEK inhibitor
has been shown to ameliorate the cardiac defects in NS-specific K-Ras""#-, RafI1**""-, and SosI***K-express-
ing mice (28-30). MEK/ERK inhibition has also been shown to rescue the craniofacial defects in Ptprni197%
mice and cognitive defects in PtpnlI”*¢ mice (39, 57). Similarly, NSML mouse models that present with
HCM have been reported to respond to inhibition of the mTOR pathway using rapamycin (25). Clinical
studies also have reported that treatment with a rapamycin analog in a NSML patient improved cardiomy-
opathy and decreased brain natriuretic peptide levels in serum (26). Whereas treating the cardiac defects
for NS or NSML might require distinct therapeutic regimens, our data suggest that in conditions in which
either NS- or NSML-related cardiac dysfunction is suspected, a single therapeutic such as dasatinib might
provide a novel strategy to improve cardiac functionality. Further studies are required using more specific
tyrosine kinase inhibitors at low doses both in other RASopathy models and in adult models of cardiac
failure to determine if this strategy has more broad effectiveness in CHD. Indeed, a recent report suggests
that low-dose dasatinib in an adult mouse model of cardiac dysfunction curtails the development of fibrosis
and improves left ventricular function (56).

In summary, we identify PZR/SHP?2 as a targetable signaling node that is associated with the progres-
sion of NS and NSML. Our findings further suggest that a short-course low-dose treatment of children at
risk for the cardiac pathologies of NS and NSML, and potentially other RASopathies, might curtail the
development of significant HCM and cardiac dysfunction in these children. Success in preventing or atten-
uating HCM in NS and NSML might provide a framework for more targeted pharmacological approaches
to treating NS-related cardiomyopathies.
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. RESEARCH ARTICLE

Methods

Antibodies, chemicals, cell lines, and plasmids. The following antibodies were used either for immunoblot-
ting (IB) or immunoprecipitation (IP) as indicated. Rabbit polyclonal SHP2 (sc-280, 1B 1:1,000, IP
1:100) antibody was from Santa Cruz Biotechnology. Rabbit monoclonal phospho-PZR (8181, Y241,
clone D6F9, IB 1:1,000), rabbit monoclonal phospho-PZR (8088, Y263, clone D6AS5, 1B 1:1,000),
rabbit polyclonal phospho-Src (2101, Y416, IB 1:1,000), mouse monoclonal c-Src (2110, clone L4A1,
IB 1:1,000), rabbit polyclonal phospho-ERK1/2 (T202/Y204; 9101, IB 1:1,000), mouse monoclo-
nal ERK (9107, clone 3A7, IB 1:1,000), rabbit polyclonal SERCA2A (9580, IB 1:1,000), and rabbit
polyclonal TnI (4002, IB 1:1,000) antibodies were purchased from Cell Signaling. Rabbit polyclon-
al o tubulin (ab4074, IB 1:1,000) antibodies were obtained from Abcam. Mouse monoclonal SHP2
(610622, clone 79, IB 1:1,000, IP 1:100) antibody was purchased from BD Biosciences. Rabbit poly-
clonal TnT (MS-295, IB 1:1,000) was from Thermo Scientific. Mouse monoclonal phosphotyrosine
(05-321, clone 4G10, IB 1:1,000) antibody was purchased from Millipore. Rabbit polyclonal PZR anti-
body (IB 1:1,000) was provided by Z.J. Zhao (University of Oklahoma, Oklahoma City, Oklahoma,
USA) (34). Dasatinib was purchased from Biovision. The alanine aminotransferase activity assay kit
was purchased from Cayman Chemical. The mouse embryonic fibroblasts were isolated from WT and
PtpnlIP9%/* mice as described previously (32).

IP and IB. Cells or heart tissue were lysed on ice in lysis buffer (25 mM Tris-HCI, pH 7.4, 136 mM
NaCl, 1 mM CaCl,, 1 mM MgCl,, 1% Nonidet P-40, 1 mM Na,VO,, 10 mM NaF, 1 mM benzamidine, 1
mM PMSF, 1 pg/ml pepstatin A, 5 ug/ml aprotinin, and 5 pg/ml leupeptin). Cell or tissue lysates were
incubated at 4°C for 30 minutes and clarified by centrifugation at 20,000 g at 4°C for 10 minutes. Protein
concentration was determined using the BCA reagent according to the manufacturer’s instructions (Pierce).
For IP, 500 ug of lysate was incubated with 1 pg of the indicated antibody at 4°C overnight. Immune com-
plexes were collected on protein A-Sepharose beads for 4 hours at 4°C, washed 3 times with lysis buffer,
and heated to 95°C in sample buffer for 5 minutes. Total lysates or immune complexes were subjected to
SDS-PAGE and IB. The sites of antibody binding were visualized using either enhanced chemilumines-
cence detection or the Odyssey Imaging System.

Animal handling. PtpnlIP9%’* mice were provided by Benjamin Neel (New York University, New
York, New York, USA), and Ptpnl1¥?7/* mice were provided by Maria Kontaridis (Beth Israel Deacon-
ess Medical Center, Boston, Massachusetts, USA). Mice were genotyped as described previously (25, 38).
Ptpnl 1716+ male mice were crossed with WT B6129SF1/Tac female mice, and their offspring were geno-
typed by PCR and digestion with Agel for the D61G allele. Ptpni1¥?7“/* male mice were crossed with WT
C57BL/6J females, and offspring were genotyped by PCR for the Y279C allele. Dasatinib (Biovision) was
suspended in vehicle (1% DMSO in citrate buffer). For prenatal treatment, dasatinib was injected i.p. (0.1
mg/kg body weight) into pregnant mice daily, beginning on gestational day 7.5 and continuing (in nursing
females) until P9. Vehicle-injected mice served as control. Beginning at P10, dasatinib or vehicle alone was
injected (i.p.) directly into pups daily until 8 weeks after birth. For postnatal treatment, dasatinib was inject-
ed (i.p.) into pups at P10 until 6 weeks after birth; injection was discontinued for 2 weeks.

Histology. Heart, liver, and spleen were isolated from vehicle- or dasatinib-treated WT, NS, and NSML
mice. Tissues were fixed in 4% paraformaldehyde in PBS, processed for paraffin sections, and stained with
H&E, Masson'’s trichrome, Picrosirius red, and Alexa488-conjugated wheat germ agglutinin. Tissue images
were obtained under bright-field microscope (Olympus BX51) or epifluorescence microscope (Zeiss Axio-
vert 200) at the Yale Liver Center.

Echocardiography. Mice were anesthetized in a sealed plastic chamber with 1% isoflurane in oxygen
until immobile and then were transferred onto a heated procedure board (37°C). Animals were kept anes-
thetized with 1% isoflurane supplied by a nose cone connected to the isoflurane vaporizer during the entire
procedure. The scan head was placed on the chest of the mouse, and stable image signals (both B mode and
M mode) were acquired and data analyzed was with Vevo 770 (VisualSonics). Systolic and diastolic left
ventricle peripheral wall thickness, chamber diameter, and interventricular wall thickness were measured
with M mode image. Percentages of EF and FS were calculated.

Hemodynamic studies. Anesthesia was induced by 1.p. injection of ketamine (100 mg/kg) and xylazine
(5 mg/kg). The animal was placed on a warm pad and an incision was made on the neck. The right-side
carotid artery was exposed, and a 1.9-French transducer-tipped catheter (Millar Inc.) was inserted into
the artery and then was advanced into the left ventricle. Left ventricular pressures, including high-fidelity
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positive, negative dp/dt, and heart rate were measured under basal conditions. Data were recorded and
analyzed by using LabChart software.

RNA extraction and quantitative real-time PCR analysis. RNA was isolated from mouse hearts using
an RNeasy kit (Qiagen) according to the manufacturer’s instructions. A total of 1 ng RNA was reverse
transcribed to generate cDNA wusing a reverse-transcriptase PCR kit (Applied Biosystems). Real-
time quantitative PCR was carried out in triplicate using the Applied Biosystems 7500 Fast Real-Time
PCR system and SYBR green gene expression master mix with following primer pairs: 18S rRNA,
5-ACCGCAGCTAGGAATAATGGA-3', 5-ACCAAAAGCCTTGACTCCG-3'; Anp, 5-CCTGGAG-
GAGAAGATGCCGGTAGAA-3", 5-CCCCAGTCCAGGGAGGCACCTCGG-3'; Myh6, 5-GTC-
CCGGACACTGGACCAGGCC-3', 5-CTCCTTTTCTTCCAGTTGCCTAGCCAA-3"; Myh7, 5'-GAG-
CAAGGCCGAGGAGACGCAGCGT-3, 5-GAGCCTCCTTCTCGTCCAGCTGCCGG-3’; Colla2,
5-AGGTCTTCCTGGAGCTGATG-3, 5-ACCCACAGGGCCTTCTTTAC-3; and Col3al, 5'-ACAG-
CAAATTCACTTACACAGTTC-3', 5-CTCATTGCCTTGCGTGTTT-3'. All relative gene expression
levels were analyzed using the AC, method and normalized to 18S rRNA expression.

Enzymatic digestion of cardiac tissue for single-cell analysis. Cardiomyocytes from 8-week-old mice were
isolated by a modified Langendorff procedure (58). In brief, the hearts were quickly excised and cannulat-
ed to a Langendorff apparatus where they were perfused with 37°C Ca?*-free perfusion buffer (in 25 mM
HEPES, 118 mM NaCl, 4.8 mM KCl, 2.0 mM KH,PO,, 2.55 mM MgSO,, 10 mM 2,3-butanedione 2-mon-
oxime, and 10 mM glucose). To digest the tissue, the heart was perfused with buffer containing 0.5 mg/ml
Liberase DH (Roche Applied Science). After approximately 10 minutes, the heart was removed from the
Langendorff apparatus, and the right ventricle and atria were removed. The left ventricle was isolated, cut
into small pieces, and digested further at 37°C in digestion solution with mechanical agitation for 5 to 10
minutes and then gently triturated to liberate individual cells. Remaining tissue chunks were transferred to
fresh digestion buffer, and the process was repeated up to 6 times or until all tissue was digested. Cells were
removed from collagenase by gentle centrifugation and resuspended in several washing steps of buffer-con-
taining FBS and gradually reintroduced to Ca?* (0.05-1.1 mM) through step-wise additions of concentrat-
ed CaCl, solution. Cells were allowed to rest for at least 1 hour before imaging.

Functional characterization of cardiomyocytes. Cardiomyocytes were imaged in Tyrodes solution (140 mM
NaCl, 5.4 mM KClI, 1.8 mM CaCl,, 1 mM MgCl,, 25 mM HEPES, and 10 mM glucose). Cell pellets were
loaded for 15 minutes in the dark with Tyrodes supplemented with 2.5 pM Fura-2 AM, supplemented with
pluronic acid (20% w/v) for Ca?* fluorescence imaging. After 15 minutes of loading, the cells were resus-
pended in fresh Tyrodes solution and allowed to settle until imaging. Cardiomyocyte Ca?* transients and
unloaded shortening contractions were measured using an inverted microscope (Nikon Eclipse) equipped
with a temperature-controlled perfusion bath (Cell MicroControls) under constant perfusion of 37°C
Tyrodes solution. Cells were field stimulated at 1 Hz. Contractile events were imaged in real time using
a sarcomere length camera system (HVSL, Aurora Scientific). Only rod-shaped cells with well-defined
sarcomere striations that contracted when stimulated were selected for measurement. Sarcomere length
was measured and recorded for 10 consecutive beats and subsequently averaged across beats to produce
a single waveform. Calcium transient measurements were recorded simultaneously using alternating exci-
tation wavelengths of 340 and 380 nm generated at an overall rate of 100 Hz by a RatioMaster fluorescence
system (PTT). Fluorescence emission was filtered at a center wavelength of 510 nm and quantified to obtain
responses to the alternating excitation wavelengths (F,, and F

340 380°
ed as the interpolated ratio of the two fluorescence intensities (F

respectively). Ca?* transients were report-
220’ Fg0) @t each time point. Data were
recorded using a DAP5216a data acquisition system (Microstar Laboratories) and processed using custom
software written in MATLAB (MathWorks). Peak sarcomere length shortening (peak SL shortening), time
to peak shortening (TTP), time to 50% relengthening (RT50), the magnitude of the calcium transient (Ca?*
R,..=MaxF, o/ Fago—Min F,, /F. ), and the rate of calcium decay, Tau (Tau_,,), were calculated.

Statistics. The number of samples () used in each experiment is shown. All in vitro experiments were
performed at least 3 times independently. Sample size for animal studies was not estimated, and samples
were randomized. The investigators were blinded during echocardiography, hemodynamics and cardio-
myocyte contraction coupling experiments, and outcome assessment. Statistical analysis and graphing
were performed using GraphPad Prism 6 software. We did not estimate variations in the data. All data
represent the mean = SEM. For P value determinations, we used unpaired Student’s ¢ test or 1-way or 2-way
ANOVA was used with Tukey’s multiple comparison.
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